The endogenous cannabinoid system is involved in the regulation of the central reward pathway. Running wheel and sucrose consumption have rewarding and reinforcing properties in rodents, and share many neurochemical and behavioral characteristics with drug addiction. In this study, we investigated whether running wheel or sucrose consumption altered the sensitivity of striatal synapses to the activation of cannabinoid CB1 receptors. We found that cannabinoid CB1 receptor-mediated presynaptic control of striatal inhibitory postsynaptic currents was remarkably potentiated after these environmental manipulations. In contrast, the sensitivity of glutamate synapses to CB1 receptor stimulation was unaltered, as well as that of GABA synapses to the stimulation of presynaptic GABAB receptors. The sensitization of cannabinoid CB1 receptor-mediated responses was slowly reversible after the discontinuation of running wheel or sucrose consumption, and was also detectable following the mobilization of endocannabinoids by metabotropic glutamate receptor 5 stimulation. Finally, we found that the upregulation of cannabinoid transmission induced by wheel running or sucrose had a crucial role in the protective effects of these environmental manipulations against the motor and synaptic consequences of stress.
INTRODUCTION
Studies with drugs of abuse suggested that cannabinoid receptors are involved in the regulation of the central reward system. Accordingly, inactivation of cannabinoid CB1 receptors attenuates the rewarding effects of cannabinoids (Ledent et al, 1999) , opiates (Ledent et al, 1999; Martin et al, 2000; Cossu et al, 2001) , and cocaine (Chaperon et al, 1998) , whereas stimulation of these receptors elicits relapse not only to cannabinoid consumption but also to cocaine, heroin, alcohol, and methamphetamine (Fattore et al, 2007; Higuera-Matas et al, 2008) .
We have recently reported that cocaine-induced conditioned place preference (CPP) is associated with hypersensitivity of striatal GABA synapses to the stimulation of cannabinoid CB1 receptors (Centonze et al, 2007a) . This finding raises the possibility that other forms of reward-based behaviors may rely on the sensitization of cannabinoid CB1 receptor-mediated transmission in this brain area. Running wheel activity has strong rewarding and reinforcing properties in rodents, and shares many neurochemical and behavioral characteristics with druginduced reward situations, through the modulation of striatal neuron activity (Werme et al, 2000 (Werme et al, , 2002 Lett et al, 2001; de Visser et al, 2007) . It is therefore conceivable that this environmental manipulation mimics the effects of cocaine on cannabinoid-mediated control of striatal synaptic transmission and, in support of this hypothesis, it has been reported that voluntary running wheel exercise activates striatal dopamine (DA) signaling (El Rawas et al, 2009) , and increases some behavioral and metabolic effects of cannabinoid CB1 receptor blockade (Zhou and Shearman, 2004) .
Sweet foods and drinks also have intense rewarding properties (Lenoir et al, 2007) , and many commonalities exist between overconsumption of sugars and drug addiction (Levine et al, 2003; Kelley, 2004; Volkow and Wise, 2005) . Accordingly, both sweet tastants (Mark et al, 1991; Hajnal et al, 2004) and drugs of abuse (Di Chiara and Imperato, 1988; Pontieri et al, 1996) stimulate DA signaling in the striatum, and both cross-tolerance (Lieblich et al, 1983; d'Anci et al, 1996) and cross-dependence (Rudski et al, 1997; Kanarek et al, 1997; Colantuoni et al, 2004) have been observed between sugars and drugs of abuse. Furthermore, the endocannabinoid system has a key role in the rewarding properties of palatable foods (Cota et al, 2003; Mahler et al, 2007) , and cannabinoid CB1 receptor blockade decreases motivation for sweet foods, whereas activation of these receptors increases it (Simiand et al, 1998; Cota et al, 2003; Ward and Dykstra, 2005; Mahler et al, 2007) .
Thus, aim of this study was to assess cannabinoidmediated transmission in the striatum after running wheel and sucrose consumption. Our results show that both environmental manipulations potentially associated with reward sensitize cannabinoid CB1-mediated transmission in the striatum. The described upregulation of cannabinoid transmission appears a crucial event for the protective effects of voluntary exercise and sucrose against the synaptic and motor consequences of stress.
MATERIALS AND METHODS
Male C57/bl6 mice (6 weeks old at the beginning of running wheel or sucrose exposition) were used for all the experiments. All animals were housed, four per cage with food and water ad libitum, on a 12-h light/dark cycle with lights on at 0600 hours and controlled (22-231C) temperature. Mice were individually housed in the experiments described in Figure 3 , where the rewarding properties of sucrose on single animals were evaluated. All efforts were made to minimize animal suffering and to reduce their number, in accordance with the European Community Council Directive of 24 November 1986 (86/609/EEC).
Mice were randomly allocated in the control, running wheel, or sucrose groups. For each experimental group, a numerically comparable group of control animals was constituted by age-matched mice never exposed to running wheel and drinking normal water. In a further set of experiments, neurophysiological recordings were obtained from mice reared in cages equipped with a wheel with blocked movement.
Electrophysiology
To study the effects of voluntary exercise, mice were housed in a cage equipped with a running wheel for 1, 3, 7, 15, or 30 days. Another group of mice was reared in control cages and were allowed to consume ad libitum a drinking fluid containing sucrose (3% in tap water) for 1, 3, 7, or 15 days. In some mice exposed for 7 days to sucrose, sucrosecontaining solution was replaced with normal water for 1, 3, or 7 days before the electrophysiological experiments. Furthermore, in some mice exposed for 15 days to running wheel, the enriched cage was replaced with a normal one for 1, 3, or 7 days before the electrophysiological experiments.
Whole-cell patch clamp recordings from single striatal neurons in corticostriatal coronal slices (200 mm) were carried out as previously described (Centonze et al, 2005; 2007a,b; Rossi et al, 2008) . To detect evoked inhibitory postsynaptic currents (eIPSCs), spontaneous IPSCs (sIPSCs), and miniature GABAA-mediated IPSCs (mIPSCs), intraelectrode solution had the following composition (mM): CsCl (110), K + -gluconate (30), ethylene glycol-
0 -ethanesulfonic acid; 10), CaCl 2 (0.1), Mg-ATP (4), and Na-GTP (0.3). MK-801 (30 mM) and CNQX (10 mM) were added to the external solution to block, respectively, NMDA and non-NMDA glutamate receptors. Conversely, to study spontaneous glutamate-mediated excitatory postsynaptic currents (sEPSCs), the recording pipettes were filled with internal solution of the following composition: (mM) K + -gluconate (125), NaCl (10), CaCl 2 (1.0), MgCl 2 (2.0), 1,2-bis (2-aminophenoxy) ethane-N,N,N 0 ,N 0 -tetra-acetic acid (BAPTA; 0.5), HEPES (19), guanosine triphosphate (GTP; 0.3), Mgadenosine triphosphate (Mg-ATP; 1.0), adjusted to pH 7.3 with KOH. Bicuculline (10 mM) was added to the perfusing solution to block GABAA-mediated transmission. The detection threshold of sIPSCs, mIPSCs, or sEPSCs was set at twice the baseline noise. The fact that no false events would be identified was confirmed by visual inspection for each experiment. Offline analysis was carried out on spontaneous and miniature synaptic events recorded during fixed time epochs (5-10 samplings of 2-3 min duration each, recorded every 2-3 min), for a total of 10-30 min analysis for each recorded neuron, depending on the length of the experiment. Only cells that showed stable frequencies in control (o20% changes during the control samplings) were taken into account. The rare events with complex peaks were eliminated, because amplitudes of the single synaptic currents composing these events were difficult to determine.
Evoked IPSCs were elicited at 0.1 Hz frequency using bipolar electrodes located within the striatum. pCLAMP 9 was used to store the data. In distinct neurons, eIPSCs of similar amplitude were obtained with variable intensities of stimulation, mainly depending on the distance between the stimulating and recording sites. The amplitude of eIPSCs normally ranged between 30 and 200 pA.
Mice were killed for the electrophysiological evaluations immediately after exposure to running wheel or to sucrose. In other experiments, 24 h was the time interval between the last session of stress and the electrophysiological recordings.
Sucrose Preference
The test was performed as previously described (Sonnier et al, 2007) . Male C57/bl6 mice (n ¼ 11 per sucrose concentration), placed in individual cages 2 weeks before the test, were submitted to a water vs sucrose two-bottle preference test. Increasing sucrose solutions were used (0.75 and 3%). Each concentration was presented in consecutive 2-day blocks. The solutions were available 23 h per day. During the remaining 1 h, the volumes consumed were measured and the bottles refilled. The left-right positions of the sucrose and water were alternated for each concentration (to control for the preference of some mice for a particular side). Total intakes (in ml) were averaged. Preference for sucrose (%) was calculated as the milliliter of sucrose solution drank over the total drink intake (eg, [sucrose/sucrose + water] Â 100). Significance was calculated by one-way ANOVA (sucrose concentration effect), followed by Fisher's post-hoc analysis.
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Psychoemotional Stress and Behavior
Psychoemotional stress was induced as already described (Avgustinovich et al, 2005; Berton et al, 2006; Rossi et al, 2008) . Control (n ¼ 12) or previously rewarded mice exposed to running wheel (15 days, n ¼ 10) or to sucrose (7 days, n ¼ 10) were subjected to daily bouts for 10 min with an aggressive CD1 resident mouse, followed by 3-h protected sensory contact with their aggressor. Mice were exposed to a different aggressor each day for 3 days. This protocol of stress has been recently shown to cause a marked downregulation of cannabinoid CB1 receptors controlling GABA transmission in the striatum .
At 24 h after the last event of sensory aggression, mice were subjected to the open-field test to compare their motor responses with those of control (not stressed and standardhoused) animals (n ¼ 13). Motor response was also addressed in the open-field in rewarded (15 days running wheel (n ¼ 9) and 7 days sucrose (n ¼ 9)), not stressed mice.
The open-field paradigm assesses motor activity of animals in an averse, stressful environment. This protocol was carried out as previously reported (Errico et al, 2008) . Briefly, mice were placed into the center of a clear Plexiglas arena (25 cm Â 35 cm Â 20 cm) in which they were allowed to explore for 30 min. Overhead incandescent light bulbs provided a 600 lux illumination inside the test chamber. Total and center distance were recorded using a video tracking system (Videotrack, Viewpoint S.A., Champagne au Mont d'Or, France). Center distance was divided by the total distance to obtain a center/total distance ratio used as an index of anxiety-related behavior.
Statistical Analysis
Throughout the text, 'n' refers to the number of cells, unless otherwise specified. One to six neurons per animal were recorded. Each electrophysiological measure in each group of mice was obtained by pooling data from at least six different animals. For data presented as the mean ± s.e.m., statistical analysis between two groups was carried out using a paired or unpaired Student's t-test or Wilcoxon's test. Multiple comparisons were analyzed by one-way or two-way ANOVA followed by appropriate post-hoc comparisons (Tukey HSD or Student's t-test). The significance level was established at Po0.05. To determine differences between two cumulative distributions, the KolmogorovSmirnov test was used.
Drugs
Intraperitoneal AM251 (6 mg/kg, in saline with DMSO 10% and Tween 80.5%) was administered daily in mice preexposed to running wheel (15 days) or to sucrose (7 days) during the 3-day stress procedure. Mice receiving an equal number of intraperitoneal injections of vehicle were used as controls.
Drugs used in slices for the electrophysiological experiments were first dissolved in DMSO (AM251, HU210) or in water, then in the bathing ACSF to the desired final concentration. DMSO was used when appropriate in control experiments. The concentrations of the various drugs were chosen according to previous in vitro studies on corticostriatal brain slices (Centonze et al, 2007a,b; Rossi et al, 2008) , and were as follows: AM251 (10 mM), baclofen (3 and 10 mM), CNQX (10 mM), 3,5-DHPG (DHPG, 50 mM), HU210 (0.1, 0.3 mM, 1 mM, and 3 mM), MK-801 (30 mM), tetrodotoxin (TTX, 1 mM) (from Tocris, Bristol, UK). Bicuculline (10 mM) (from Sigma-RBI, St Louis, MO, USA). Unless otherwise specified, HU210 was applied at the concentration of 1 mM.
RESULTS

Effects of HU210 on GABA Transmission in Mice Exposed to Running Wheel or Sucrose
Application of the cannabinoid CB1 receptor agonist HU210 (10 min) significantly reduced the frequency of striatal sIPSCs in control mice (n ¼ 10, po0.01 compared with predrug values). The selective antagonist of CB1 receptors AM251 prevented this effect (n ¼ 7, p40.05 compared with pre-drug values). In striatal neurons from mice exposed to sucrose-containing solution for 1 and 3 days or to running wheel for 1, 3, and 7 days, HU210 produced similar effects to their respective controls (n ¼ at least 8, p40.05 with respect to controls for each time point). Conversely, in neurons from mice exposed to a more prolonged potentially rewarding paradigm (7 and 15 days for sucrose-containing solution; 15 and 30 days for running wheel), HU210 effects were remarkably potentiated (n ¼ at least 14, po0.01 compared with controls for each time point and both experimental groups), indicating increased sensitivity of GABA synapses to cannabinoid receptor stimulation (Figure 1a and c). Statistical analysis carried out by taking the mean of the data from single animals confirmed these results (control mice (n ¼ 8): 80 ± 3%; sucrose-exposed mice (n ¼ 8): 54 ± 4%; and running wheel-exposed mice (n ¼ 9): 51±5%; po0.05).
In striatal neurons from control mice, as well as from mice exposed for 7 consecutive days to sucrose-containing solution or for 15 consecutive days to running wheel, HU210 effects were prevented by pre-incubating (5-10 min) the slices with AM251, antagonist of CB1 receptors (n ¼ 6 and p40.05 for each group) (Figure 1b and d) . In these experiments, AM251 was unable to alter per se the frequency of sIPSCs (p40.05 for the three groups) (data not shown).
To isolate synaptic GABA events from the possible contamination of pre-and postsynaptic spiking activity, miniature GABAergic currents (mIPSCs) were recorded after the application of TTX (5-10 min), a selective voltagedependent sodium channel blocker. As described, mean frequency of mIPSCs was significantly lower compared with that of sIPSCs recorded from control neurons and from neurons exposed for 15 days to running wheel or for 7 days to sucrose (n ¼ at least 12 and po0.05 with respect to predrug values for each experimental group), whereas mean amplitude was unchanged (n ¼ at least 11, p40.05). Furthermore, no differences were evident between mIPSC frequencies and amplitudes recorded in control, running wheel-, or sucrose-receiving animals (n ¼ at least 12, p40.05 for both parameters) (data not shown).
We investigated the electrophysiological effects of HU210 on mIPSCs recorded from control mice and in mice exposed Striatal cannabinoid receptors after natural rewards V De Chiara et al to running wheel for 15 days or to sucrose for 7 days. In line with our results on sIPSCs, bath application of HU210 significantly reduced mIPSC frequency (n ¼ at least 14 and po0.01 for each group) but not amplitude (p40.05) in all the tested neurons. In slices from mice exposed to running wheel and to sucrose, the inhibitory effects of HU210 on mIPSC frequency were significantly greater (po0.01 with respect to controls) (Figure 2a-e) . Statistical analysis carried out by taking the mean of the data from single animals confirmed the effects of HU210 on mIPSC frequency (control mice (n ¼ 7): 82 ± 3%; sucrose-exposed mice (n ¼ 8): 57±4%; and running wheel-exposed mice (n ¼ 8): 55±5%; po0.05).
To further confirm that the effects of cannabinoid receptor stimulation on striatal GABA transmission were presynaptic, we also measured the action of HU210 on paired pulse ratio (PPR) of eIPSCs (70 ms interstimulus interval). In control, running wheel (15 days)-, and sucrose (7 days)-exposed mice (n ¼ 6 for each group), the depressant effect of HU210 on eIPSCs was associated with Figure 1 Running wheel and sucrose consumption potentiate the effects of HU210 on striatal sIPSCs. (a) The graph shows that HU210-induced reduction of sIPSC frequency was normal after 1 and 3 days of exposure to sucrose-containing solution. Conversely, the effects of HU210 on sIPSCs were potentiated after 7 and 15 days of sucrose exposure. (b) Preincubation with the CB1 receptor antagonist AM251 prevented the depressant action of HU210 both in control mice and in sucrose-exposed mice. The electrophysiological traces in the bottom are examples of voltage-clamp recordings before and during the application of HU210 in control and sucrose (7 days)-exposed mice. (c) The graph shows that the HU210-induced reduction on sIPSC frequency was normal after 1, 3, and 7 days of wheel running. Instead, the effects of HU210 on sIPSCs were potentiated after 15 and 30 days of exposure to running wheel. (d) Preincubation with AM251 prevented the depressant action of HU210 in both control mice and running wheel-exposed mice. The electrophysiological traces on the bottom are examples of voltage-clamp recordings before and during the application of HU210 in control and running wheel (15 days)-exposed mice. *po0.05 compared with control. a significant increase in PPR (eIPSC2/eIPSC1), as expected for a presynaptic action of the drug (po0.05 for the three groups) (Figure 2f ). Consistent with the data on sIPSCs and on mIPSCs, the effect of HU210 on eIPSC1 was potentiated in running wheel (15 days)-or sucrose (7 days)-exposed mice compared with HU210 effects in controls (eIPSC amplitude with respect to pre-drug values: 74 ± 3% (control), 52 ± 5% (running wheel), and 56 ± 4% (sucrose); po0.05).
Spontaneous IPSCs, mIPSCs and eIPSCs were fully blocked by bicuculline in control mice, as well as in mice with access to running wheel (15 days) or to sucrose-containing drinking solution (7 days) (n ¼ at least 8 for the three synaptic parameters and the three experimental groups), indicating that these synaptic events were entirely mediated in the three experimental groups by the stimulation of GABAA receptors (data not shown). The activation of CB1 receptors with HU210 reduced mIPSC frequency but not amplitude in control and in rewarded mice. In sucrose (7 days)-receiving mice (a) and in wheel (15 days)-exposed mice (b), the effect of HU210 was potentiated. (c-e) Cumulative distribution of mIPSC inter-event interval recorded before and during HU210 application from control mice (c), sucrose (7 days)-receiving mice (d), and wheel (15 days)-exposed mice (e). (f) HU210 enhanced PPR of eIPSCs in neurons recorded from control and rewarded mice. Samples of PPR recordings before and during the application of HU210 in control (upper traces) and sucrose (7 days)-receiving mice (lower traces) are shown on the right. *po0.05 compared with control, # po0.05 compared with pre-drug values.
Rewarding Properties of Sucrose and of Exercise in Mice
The rewarding properties of running wheel have already been established in previous studies. Rodents, for example, show CPP to an environment associated with wheel running (Iversen, 1993; Belke, 1997; Lett et al, 2000; de Visser et al, 2007) , and show withdrawal signs when access to the running wheels is denied (Hoffmann et al, 1987) . The rewarding properties of sucrose drinking are less extensively investigated (Lenoir et al, 2007) . Thus, in order to see whether at the dose here used sucrose elicits hedonic effects, we carried out a two-bottle preference test. The behavioral results showed that, at both concentrations tested (0.75 and 3.0%), sucrose induced in mice a robust rewarding response (Figure 3) . Accordingly, one-way ANOVA indicated an overall impact of sucrose on drinking preference of mice (F 2,20 ¼ 46.391, po0.0001). Moreover, Fisher's post-hoc comparisons showed a similar pleasurable effect of both doses on mice (water vs 0.75%: po0.0001; water vs 3.0%: po0.0001; and 0.75 vs 3% sucrose: p40.1).
Cages equipped with a running wheel could increase sensory stimulation, and this might in principle sensitize GABA synapses to HU210 effects by acting as an enriched environment, independently of increased motor activity. Thus, to dissect the role of voluntary exercise from that of sensory enrichment, we measured the effects of HU210 on sIPSCs in mice reared for 15 days in cages equipped with a wheel with blocked movement. In these mice, HU210 produced an inhibition of sIPSCs that was comparable with that seen in animals housed in standard cages (19±2% vs 21 ± 3%; n ¼ 8 for both groups, p40.05) (data not shown).
Dose-Response Relationship for HU210 Effects in Mice Exposed to Running Wheel or Sucrose
A lower concentration of HU210 (0.1 mM) was ineffective in control mice (n ¼ 7, p40.05), as well as in animals exposed to running wheel (15 days, n ¼ 8, p40.05) or to sucrose (7 days, n ¼ 8, p40.05), whereas at concentrations of 0.3, 1, and 3 mM HU210 dose-dependently inhibited sIPSCs in the three groups. It can be noted that, the effects recorded from animals exposed to running wheel or to sucrose were remarkably more evident with the three concentrations of the agonist (po0.05) (n ¼ at least 7 for each drug dose and experimental group), although EC 50 values were similar (control: 0.30 mM; running wheel: 0.33 mM; and sucrose: 0.32 mM) (Figure 4 ).
Effect of Time on Running Wheel-and Sucrose-Induced Sensitization of CB1 Receptors
The running wheel or sucrose effects were slowly reversible after the discontinuation of both treatments, so that the sensitivity of sIPSCs to HU210 returned to control values after 3 days of sucrose discontinuation (n ¼ 6, p40.05 compared with controls) or after 7 days of running wheel discontinuation (n ¼ 7, p40.05) ( Figure 5 ).
Effects of Baclofen on GABA Transmission after Running Wheel and Sucrose Consumption
Many receptors participate in the presynaptic modulation of GABA transmission in the striatum, including the GABAB receptors (Calabresi et al, 1991) . Thus, we investigated whether the abnormal control of GABA synapses observed in rewarded mice was specific only for CB1 receptors or also involved other presynaptic receptors. Application of the GABAB receptor agonist baclofen (10 min) dose-dependently reduced striatal sIPSC frequency in control mice (n ¼ 8 and po0.01 for both 3 and 10 mM baclofen). In neurons from mice exposed to sucrose (7 days) or to running wheel (15 days), the effects of baclofen were similar to those observed in control animals (n ¼ at least 8 for each experimental group and baclofen concentration, p40.05 compared with baclofen in nonrewarded mice) (Figure 6 ). Statistical analysis carried out by taking the mean of the data from single animals confirmed the effects of baclofen on sIPSC frequency (at 10mM, control mice (n ¼ 6): 53 ± 3%; sucrose-exposed mice (n ¼ 6): 55 ± 6%; and running wheel-exposed mice (n ¼ 7): 57±5%; p40.05). 
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Effects of DHPG on Striatal mIPSCs Following Running Wheel or Sucrose
The activation of metabotropic glutamate receptors 5 by DHPG mobilizes endocannabinoids in the striatum (Jung et al, 2005) , and this effect results in the inhibition of GABA-mediated mIPSCs through the stimulation of cannabinoid CB1 receptors (Centonze et al, 2007b; Maccarrone et al, 2008) . In contrast, sIPSCs are initially increased by DHPG, because this agonist causes action potential discharge of striatal GABAergic interneurons in a endocannabinoid-independent manner (Centonze et al, 2007b) .
Thus, to see whether running wheel or sucrose altered the sensitivity of GABA synapses not only to the synthetic cannabinoid HU210 but also to endogenous cannabinoids, we measured the effects of DHPG on striatal mIPSCs recorded from control mice and from mice exposed to running wheel for 15 days or to sucrose for 7 days. The application of DHPG (10 min, n ¼ 10) significantly inhibited mIPSC frequency in control mice (po0.05 with respect to pre-drug value), and produced a greater effect after running wheel or sucrose consumption (n ¼ at least 11 and po0.05 compared with controls for the two experimental groups) (Figure 7a and c) . Statistical analysis carried out by taking the mean of the data from single animals confirmed these results (control mice (n ¼ 7): 82±2%; sucrose-exposed mice (n ¼ 7): 72 ± 3%; and running wheel-exposed mice (n ¼ 7): 70 ± 3%; po0.05).
AM251 fully blocked the effects of DHPG in control mice and in mice exposed to running wheel and to sucrose (n ¼ 4 and p40.05 for each group) (Figure 7b and d) .
Effects of HU210 on Striatal Glutamate Transmission
In the striatum, stimulation of cannabinoid CB1 receptors presynaptically reduces glutamatergic transmission (Gerdeman and Lovinger, 2001; Huang et al, 2001; Centonze et al, 2005) . Thus, to see whether the altered response to cannabinoid receptor stimulation found in mice exposed to running wheel or to sucrose was restricted to GABAmediated sIPSCs or also involved glutamate transmission, we tested the effects of HU210 on glutamate-mediated sEPSCs. Frequency and amplitude of sEPSCs were not significantly different in control condition and after exposure to running wheel (15 days) and to sucrose (7 days) (n ¼ 14 and p40.05 for both parameters and each experimental group). HU210 (10 min) reduced the frequency of sEPSCs in all the tested neurons (n ¼ 12 and po0.05 with respect to pre-drug values for each group), and produced remarkably similar effects in control mice and in running wheel-or sucrose-exposed mice (p40.05 compared with controls) (Figure 8 ). Statistical analysis carried out by taking the mean of the data from single animals confirmed the results (control mice (n ¼ 6): 80 ± 3%; sucrose-exposed mice (n ¼ 6): 78±3%; and running wheel-exposed mice (n ¼ 6): 76±4%; p40.05).
Effects of Running Wheel or Sucrose on the Emotional Consequences of Stress
We have recently described that the anxious state induced by chronic psychoemotional stress is associated with loss of cannabinoid CB1-mediated control of striatal sIPSCs . Thus, we first assessed whether running wheelor sucrose-induced sensitization of cannabinoid CB1 receptors was associated with behavioral changes. Neither running wheel (15 days) nor sucrose (7 days) produced per se overt anti-anxiety effects, as shown in the open-field protocol (data not shown). We next investigated whether the sensitization of cannabinoid responses after both environmental manipulations may protect from both the emotional and synaptic consequences of stress. Anxiety of mice was shown by their motor behavior in an aversive open-field environment. We studied locomotor activity of mice daily exposed to a stressing aggressor or given access for 15 days to running wheel or for 7 days to sucrose before stress induction, and compared their motor responses with that of control standard-housed animals. The analysis of total distance traveled by one-way ANOVA showed a significant effect of treatment (F 3,41 ¼ 3.641, p ¼ 0.0204). Following post-hoc comparison (Student's t-test) showed that mice exposed to social stress were significantly less active than control littermates (p ¼ 0.0061). In contrast, animals exposed to running wheel (15 days) or to sucrose solution (7 days) before daily aggressions showed a locomotor activity comparable with that of control mice (running wheel, p ¼ 0.8915; sucrose, p ¼ 0.8164) (Figure 9a ). Further dissection of horizontal locomotion, measured in Figure 5 Effects of time on running wheel-and sucrose-induced sensitization of cannabinoid receptors. (a) The graph shows that the depressant effects of HU210 on sIPSC frequency were still potentiated in mice exposed for 7 days to sucrose-containing solution and recorded 1 day after. In mice recorded 3 and 7 days after the last exposure to sucrose, HU210 produced normal effects. (b) The depressant effects of HU210 on sIPSC frequency were still potentiated in mice exposed to running wheel for 15 days and recorded 1 and 3 days after. In mice recorded 7 days after the last exposure to running wheel, HU210 produced normal effects. *po0.05 compared with control. Consistently with the behavioral data described above, both sucrose (7 days) and running wheel (15 days) also protected from the synaptic consequences of stress, as HU210 did not reduce sIPSC frequency in stressed animals (n ¼ 8, p40.05 compared with pre-HU210 values), but was able to inhibit these GABA-mediated synaptic events after 3 days of stress in mice previously exposed to the running wheel (n ¼ 9, po0.01 compared with pre-HU210 values) or to the sucrose-containing drinking solution (n ¼ 11, po0.01 compared with pre-HU210 values) (Figure 9d ).
Role of Cannabinoid CB1 Receptors in the Effects of Running Wheel or Sucrose against Stress
To establish a causal link between the activity of cannabinoid CB1 receptors and the protective effects of both exercise and sucrose against the behavioral consequences of stress, mice pre-exposed to sucrose for 7 days (n ¼ 8) or to running wheel for 15 days (n ¼ 8) received three daily intraperitoneal injections of saline or of AM251 during the stress protocol. Rewarded mice treated with the cannabinoid CB1 receptor antagonist AM251 showed an anxious behavior after exposure to the aggression, as they showed a hypoactive phenotype similar to that seen in nonrewarded mice exposed to the aggressions (F ¼ 0.04, p ¼ 0.09) (Figure 10a) , and spent less time in the center of the arena, as non-rewarded stressed mice (running wheel + AM251: treatment effect, (Figure 10b ). These data suggest a protective role of preserved CB1 receptor activity against stress after environmental manipulations associated with reward. Figure 6 Running wheel and sucrose consumption potentiate the effects of HU210 on striatal sIPSC through a specific pre-synaptic action. (a and b) The depressant effect of baclofen (3 and 10 mM) on sIPSC frequency was similar in control mice, in sucrose (7 days)-receiving mice (a) and in wheel (15 days)-exposed mice (b).
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DISCUSSION
This study shows that wheel running and sucrose consumption cause significant adaptations of cannabinoid CB1 receptor-mediated control of GABA transmission in the striatum and provide an emotional reserve against the effects of stress. A similar synaptic effect was achieved in animals chronically exposed to cocaine (Centonze et al, 2007a) , suggesting that changes in the sensitivity of striatal cannabinoid receptors represent a common synaptic correlate of the activation of the central reward pathway.
The synaptic responses to the selective cannabinoid CB1 receptor agonist HU210 were normal after a single day of exposure to running wheel or to sucrose, but remarkably potentiated after 7 days of treatments, indicating that cannabinoid receptors progressively adapt during these environmental manipulations. Furthermore, the synaptic adaptations caused by both exercise and sucrose exposure were slowly reversible after the discontinuation of the treatments, indicating that they were not irreversible. Running wheel or sucrose selectively altered the sensitivity of cannabinoid receptors controlling GABA transmission in the striatum, whereas the sensitivity of glutamate synapses to CB1 receptor stimulation was unaltered, indicating the existence of differential regulation mechanisms of distinct cannabinoid receptors. The effects of cannabinoid CB1 receptor stimulation on sensitized striatal GABA synapses were mediated by a presynaptic mechanism in mice exposed to running wheel or to sucrose, as HU210 selectively reduced sIPSC and mIPSC frequency without altering their amplitudes, and depressed eIPSCs by enhancing PPR. These findings are compatible with the preferential location of CB1 receptors on GABAergic nerve terminals described in the striatum Uchigashima et al, 2007) . Our data also show that the tested environmental manipulations do not result in a widespread dysregulation of the presynaptic control of striatal GABA synapses, as they did not alter the sensitivity of sIPSCs to the stimulation of other G-alpha-i/o-coupled receptors, such as GABAB receptors.
We have also shown that running wheel or sucrose altered the synaptic effects not only of the exogenous cannabinoid HU210 but also of endocannabinoids mobilized in the striatum in response to mGlu 5 receptor stimulation. This finding suggests that these alterations of cannabinoid transmission may have relevant synaptic consequences during the physiological activity of the striatum, which is mainly driven by glutamate inputs originating from the cortex and the thalamus (Wilson and Kawaguchi, 1996; Stern et al, 1998) . It should be noted that the normal sensitivity of glutamate synapses to the stimulation of cannabinoid CB1 receptors supports the concept that glutamatergic drive to the striatum is intact after running wheel or sucrose drinking, and that the resulting mGlu 5 receptor activation may selectively impact GABA transmission because of the sensitized CB1 receptors controlling transmitter release.
The source of GABA inputs to striatal neurons is dual. Accordingly, striatal GABAergic principal neurons, besides inhibiting basal ganglia output nuclei, form functional synapses through their recurrent axon collaterals, establishing a feedback control over striatal neuron activity (Tunstall et al, 2002; Guzman et al, 2003; Koos et al, 2004; Gustafson et al, 2006) . Inputs from GABAergic interneurons are another important source of synaptic inhibition of projection neurons, giving rise to a feed-forward inhibitory pathway that is independent of striatal output (Plenz 2003; Tepper et al, 2004; Gustafson et al, 2006) . Both the feedback and the feed-forward intrastriatal GABAergic pathways are likely modulated by cannabinoid CB1 receptors and undergo adaptations following wheel running or sucrose consumption. In line with this conclusion, CB1 receptors are expressed at very high concentrations on both axon collaterals of striatal projection neurons and on GABA Striatal cannabinoid receptors after natural rewards V De Chiara et al interneurons (Herkenham et al, 1991; Hohmann and Herkenham, 2000) .
Our previous report indicated that hypersensitivity of striatal GABA synapses to HU210 tightly correlated with the rewarding properties of cocaine, as this synaptic alteration appeared only when a CPP was induced. A single cocaine exposure that failed to induced CPP, conversely, also failed to sensitize striatal cannabinoid receptors (Centonze et al, 2007a) . It can be noted that, the CPP procedure selectively examines the positive reinforcing properties of addictive compounds (Acquas and Di Chiara, 1994; Tzschentke, 1998; Le Foll and Goldberg, 2005) , and previous behavioral studies indicated that the (endo)cannabinoid system, rather than contributing to the hedonic or psychomotor effects of cocaine consumption, is involved in the generation and maintenance of rewardbased addictive behavior (De Vries and Schoffelmeer, 2005; Le Foll and Goldberg, 2005; Parolaro et al, 2005) . Here, we have observed that voluntary wheel running and sucrose consumption share with chronic cocaine the common neurobiological background of increasing the sensitivity of cannabinoid receptors modulating GABA transmission in the striatum (Centonze et al, 2007a) . It is conceivable, therefore, that this alteration might represent a synaptic correlate of reward-based behavior. Evidence of the rewarding and potentially addictive properties of running wheel is currently accumulating. Rodents, in fact, are highly motivated to gain access to running wheels and display CPP to an environment associated with wheel running (Iversen, 1993; Belke, 1997; Lett et al, 2000; de Visser et al, 2007) . Furthermore, animals that run long distances daily show withdrawal signs when access to the running wheels is denied (Hoffmann et al, 1987) , and display increased vulnerability for cocaine self-administration and reinstatement after abstinence (Larson and Carroll, 2005) . On the other hand, intense rewarding properties of sucrose have also been reported (Lenoir et al, 2007) , and similar activation of the central reward pathway has been found after sweet tasting (Mark et al, 1991; Hajnal et al, 2004) and drugs of abuse (Di Chiara and Imperato, 1988; Pontieri et al, 1996) . Furthermore, some behavioral and neurochemical signs of opiate withdrawal can be precipitated by naloxone in rats with sugar overconsumption (Colantuoni et al, 2004) . Figure 9 Running wheel and sucrose consumption protect mice from the behavioral effect of social defeat stress. Mice were allowed to explore an openfield box for 30 min. (a) Total distance traveled by mice subjected to social stress was significantly reduced compared with non-stressed animals. On the contrary, mice previously exposed to 15 days of running wheel or to 7 days of sucrose consumption showed a locomotor activity comparable with controls. (b) Similar results were obtained by recording the profile of locomotion over successive 10-min intervals. (c) The distance covered in the center compared with the total distance was used as a parameter of anxiety-related behavior. In accordance to motor activity, this index of emotionality showed that running wheel and sucrose rewards are able to prevent stress-induced anxiety. Indeed, mice exposed to natural rewards before stress showed distance ratios comparable with those of their control non-stressed littermates. (d) The graph shows the protective action of natural rewards from the synaptic consequences of stress: sucrose (7 days) treatment and running wheel (15 days) exposure were able to rescue the effect of HU210 on sIPSC frequency. *po0.05 compared with control mice. **po0.01 compared with control mice.
Striatal cannabinoid receptors after natural rewards V De Chiara et al
Wheel running, however, also has a strong motor activating effect in mice, and the relationship between this experimental procedure and the mechanisms of reward is unclear, especially when animals are housed in groups, as in the case of this study. Similarly, at least in part, the effects of sucrose on cannabinoid CB1 receptors might also be unrelated to its rewarding properties, and reflect, for example, increased caloric assumption. However, we found striking similarities between the neurophysiological and behavioral effects of running wheel and of sucrose, which has reinforcing properties but not motor activating effects. These findings suggest, therefore, that the alteration of cannabinoid CB1 receptor function here described likely reflect the emotional effects of the two experimental paradigms, as also indicated by the evidence that cannabinoid CB1 receptor blockade abolishes the protective action of both running wheel and of sucrose on stress-induced behavior.
The DA system might have an important role in the sensitization of cannabinoid CB1 receptors after exercise or sucrose consumption, as both manipulations activate the DA system in the striatum (Mark et al, 1991; Hajnal et al, 2004; El Rawas et al, 2009) , and stimulation of D2-like receptors increase endocannabinoid levels (Giuffrida et al, 1999; Beltramo et al, 2000; Centonze et al, 2004) , and upregulates the expression of CB1 receptors in the striatum (Centonze et al, 2004) . Furthermore, endocannabinoids act as downstream effectors of D2-like receptor signaling in the inhibition of GABA transmission (Centonze et al, 2004) , and in the generation of corticostriatal long-term depression, a form of synaptic plasticity believed to underlie specific aspects of reward-based learning and psychostimulant addiction (Gerdeman et al, 2002 (Gerdeman et al, , 2003 .
The commonalities among running wheel, sucrose consumption, and cocaine exposure might suggest that natural and drug-induced rewards trigger a common synaptic adaptation involving cannabinoid CB1-mediated transmission in the striatum. The importance of this adaptation in the behavioral consequences of the activation of the central reward pathway is evident when considering that exercise activates the endocannabinoid system also in humans (Sparling et al, 2003) , and that both the motivation for sweet food (Simiand et al, 1998; Cota et al, 2003; Ward and Dykstra, 2005; Mahler et al, 2007) and the rewarding properties of cocaine (Chaperon et al, 1998) are significantly attenuated after the blockade of cannabinoid CB1 receptors.
Finally, our present results also show that voluntary exercise and sucrose consumption exert protective effects against the motor behavior induced by stress, and that the sensitization of cannabinoid CB1-mediated synaptic responses in the striatum are likely involved in these effects. Consistently, previous study proposed an association between stress-induced emotional alterations and the downregulation of striatal cannabinoid CB1 receptormediated transmission , and pharmacological blockade of CB1 receptors abolished the protective effects of both running wheel and sucrose drinking against stress (this study). Figure 10 Behavioral effects of AM251 in mice exposed to running wheel or to sucrose before the stress procedure. (a and b) Blockade of CB1 receptors prevented the protective action of both running wheel and sucrose consumption on the motor effect of stress.
